Abstract -In-vivo sensing, diagnosis and treatment of diseases is having a great attention lately. With advanced computational systems, the processing of the biological data as well as the prediction of diagnosis is becoming more promising. However, the implementation of these systems inside the human body has a major challenge: modeling the communication channel. To overcome this problem, researchers are investigating the main factors that define the characteristics of the communication channel between nano-devices. In this work, we summarize the elements that contribute to the path loss encountered by an EM wave traveling in water, skin or epidermis. Then, the impact of nano-antenna directivity on the EM propagating wave is studied along with the frequency and the communication distance. The simulation results show that the nano-antenna directivity seems to have minor contributions (5-7 dB) on the total path loss inside the human body with respect to the distance (20-30 dB) and frequency (10-15 dB).
INTRODUCTION
II.
PROPAGATION LOSSES
The main factors that affect an EM wave that travels at the THz frequencies are: the spreading of the propagating wave (PL Spr ), the molecular absorption from the human tissues (PL Abs ), and the scattering from the biological particles (PL Sca ). Therefore, the total path loss (PL t ) is given by
A.
Spreading Loss
Spreading loss occurs as the EM wave travels through the medium for a certain distance; it still diminishes as it spreads out. Assuming a spherical propagation and taking into account the nano-antenna gain effect, the spreading of the EM wave is given by the inverse-squared distance function as
where d is the path length, λ g is the medium wavelength and D is the nano-antenna directivity. Basically, λ g is the ratio of the free space wavelength λ 0 to the real part of the refractive index of the material ′, such that λ g = λ 0 ′ ⁄ .
From [6] , the antennas directivity D, which is the ratio of the maximum power density in W/m2 to its average value over a sphere, as observed in the far field and considering a source with a Gaussian beam is
where ∆ is the Guassian beam width of the nano-antenna.
B.
Absorption Loss
In the THz band, the biological molecules are excited by the EM waves at specific frequencies, that cause a vibration of these molecules [7] . Therefore, some of the propagating wave energy is transformed to kinetic energy and in other words to loss.
Hence, absorption loss can be defined as the fraction of the incident EM waves which are not able to pass within the human tissue at a given frequency.
For an EM wave traveling a distance d and referring to Beer-Lambert law [8] , the loss due to molecular absorption is given by
where μ Abs is the molecular absorption coefficient which depends on the medium composition and it is given as
where ′′ is the imaginary part of the tissue refractive index.
Since we are dealing with a huge number of water molecules for frequencies up to 1 THz, it is common to consider the complex permittivity using by the Debye Relaxation
Model [9] [10] [11] as:
where ′ and ′′ are the real and imaginary parts of the complex permittivity given by
The values of ϵ ∞ , ϵ 1 , ϵ 2 , τ 1 and τ 2 for the lower THz band are given in [9] and [11] .
Consequently, ϵ ′ and ϵ ′′ can be evaluated. On the other hand, ′′ is given by
Thus, μ Abs and PL Abs can be calculated.
C.
Scattering Loss
The biological elements of the human body are of different types of composites, such as molecules and cells each having different geometry and different EM properties.
Scattering by particles corresponds to the change of the direction of propagation and phase of the EM wave after interaction with the microscopic non-uniformities present in the human tissue. Scattering depends on the size, refractive index and shape of the individual particle as well as on the wavelength of the incident beam [12] . In this paper, we consider the scattering from small molecules as well as from large cells compared to the wavelength. Hence, the scattering path loss is = −10 10 (
where and are the scattering coefficients for small and large particles respectively and are defined as = and =
These coefficients depend on the particle concentration ρ v and the geometric cross section such that, = 4 3 3 and = 2 (12) where is the volume fraction of the particle [13] and is the radius of the particle.
The absorption coefficient for small particles depends on the scattering efficiency of small particle assuming a spherical absorbing particle modeled by
Rayleigh scattering as 
where ψ = 2πr λ g ⁄ is the dimensionless size of the particle.
On the other hand, the absorption coefficient for large particles depends on the scattering efficiency of large particles modeled using the anomalous diffraction approximation as
where = 4πr(n − 1) λ ⁄ is the phase delay of the wave passing through the center of the particle and σ abs is the molecular absorption cross section.
III.
SIMULATION RESULTS
In this section, we numerically evaluate the analytical models presented in Sec. II.
However, we exclude the scattering loss since it is negligible compared to the absorption and spreading losses. Moreover, we take into account realistic parameters of the intrabody properties [9] [10] [11] . In this work, we conduct our analysis for water, skin and epidermis medium. In a fashion similar to , the work in this project is a continuation of the several previous contributions, which have been reported in the literature in various relevant technologies, systems, and their associated applications.
Path Loss and Frequency
Figs. 1 and 2 illustrate the total path loss in dB with respect to the medium wavelength for water, skin and epidermis respectively. Similar to conventional communication models in the megahertz frequency ranges, the path loss increases with frequency. 
DISCUSSION
From the numerical results shown in Sect. III, it is relevant that the path loss increases with frequency and distance.
The absorption loss is governed by the absorption coefficients of the human tissue molecules that is, referring to [9] and [14] , are considerably high at THz frequencies.
The reason behind this is the fact that the rotation transition of water molecules is located in this band.
The scattering loss depends on the radius of the human body particles. The size of the scatterers at THz being much smaller than the wavelength of the propagating THz wave [15] , negligible scattering loss compared to the absorption loss will result. Therefore, the spreading and absorption losses are the main contributors to the total path loss at THz frequencies.
The relationship between path loss and communication distance is governed by the absorption loss which is, for water molecules, is larger than that for skin and epidermis at larger communication distance. That's why we can see approximately same path loss value at lower distances (<0.5 mm). However, when the communication distance increases, the curves diverge. The path loss in water (80 dB at 2 mm) is much higher than that of the skin and epidermis (55 dB at 2mm).
On the other hand, the nano-antenna directivity seems to have a big impact on the communication channel at THz frequencies. From the simulated values, we can see that the increasing the Gaussian beam width from 0 to 1.5 rad increases the path loss by 10 dB approximately for water, skin and epidermis. However, for a beam width between 1.5 and 3 rad, the path loss is approximately constant for each medium.
Therefore, we can see that the major impact is for the communication distance as well as the operating frequency in the human body. These two factors are more critical to consider than the nano-antenna directivity.
V.
CONCLUSION
Nano-networks are exponentially expanding. The EM communication channel is having more attention and is promising to be adopted in WBANs. However, it needs deep study of its characteristics. In short, the main factors that affect the EM wave traveling in-vivo at THz frequencies are the nano-antenna directivity, the communication distance and the operating frequency. However, the major impact is that of distance and frequency. In a fashion similar to [16] - [48] , the work in this project is a continuation of the several previous contributions, which have been reported in the literature in various relevant technologies, systems, and their associated applications.
